The ability to record excitatory postsynaptic potentials (EPSP) and inhibitory postsynaptic potentials (IPSP) initracellularly from neurones (Brock et al., 1952) permitted the systematic exploration of the connections to spinal motoneurones in the experimental animal. Similar information can be obtained in man only indirectly. For example, afferent connections to human motoneurones can be deduced from the way in which the monosynaptic reflex (Taborikova and Sax, 1969; Gassel and Ott, 1970; Tanaka, 1972) or ongoing electromyographic activity (Gassel and Ott, 1970; Caccia et al., 1973; Bouaziz et al., 1975) is modulated by an afferent volley or from the electromyographic activity evoked by an afferent volley (Shahani, 1970) . These methods provide information only about overall responses of large populations of motoneurones and lack the precision provided by the intracellular recordings which can be carried out in animals.
motoneurones.
The ability to record excitatory postsynaptic potentials (EPSP) and inhibitory postsynaptic potentials (IPSP) initracellularly from neurones (Brock et al., 1952) permitted the systematic exploration of the connections to spinal motoneurones in the experimental animal. Similar information can be obtained in man only indirectly. For example, afferent connections to human motoneurones can be deduced from the way in which the monosynaptic reflex (Taborikova and Sax, 1969; Gassel and Ott, 1970;  Tanaka, 1972) or ongoing electromyographic activity (Gassel and Ott, 1970; Caccia et al., 1973; Bouaziz et al., 1975) is modulated by an afferent volley or from the electromyographic activity evoked by an afferent volley (Shahani, 1970) . These methods provide information only about overall responses of large populations of motoneurones and lack the precision provided by the intracellular recordings which can be carried out in animals. This paper describes a method that may be used to infer PSPs in single motoneurones in man. Some preliminary results concerning the effects of extensor and flexor group I volleys on single soleus motoneurones are reported.
Methods
Studies were performed on seven normal subjects aged 25-42 years (mean 31 yr).
The subjects lay prone with the foot resting on a foot plate which held the ankle at approximately 90°. Surface electrodes were placed over the soleus muscle to record the muscle compound action potential. Square wave electric stimuli (100-500 microseconds duration) were delivered to the popliteal nerve in the popliteal fossa. The position of the bipolar stimulating electrode was adjusted to obtain a reflex response in soleus (the H reflex) at the lowest threshold and then immobilised with a rubber strap. The latency to the onset of the maximum H reflex was recorded. The stimulus current was then reduced until the H reflex no longer occurred with every stimulus al-910
Eflects of extensor and flexor group I aflerent volleys in man though a small response might reappear rarely as a result of spontaneous fluctuations in central excitability. This stimulus level, which was intended to produce a group I volley insufficient in itself to bring motoneurones to threshold, was designated 'group I threshold'. A second bipolar stimulating electrode was placed over the peroneal nerve at the head of the fibula and the position adjusted so that a contraction of the tibialis anterior was obtained with the lowest threshold. The stimulus current was then adjusted to produce a definite, but submaximal, contraction of the anterior compartment muscles. This stimulus level, which was intended to produce a definite group I volley, was designated 'alpha threshold'. It is recognised that local cutaneous afferent nerve fibres would be excited in both instances.
The action potentials of voluntarily activated soleus motor units were led off with a concentric needle electrode (Disa 13650, length 30 mm, crosssection 0.65 mm2, electrode surface 0.07 mm2) which was inserted into the soleus 10-20 mm below the junction of the heads of the gastrocnemius (Fig. 1) . The signals were amplified (0.2 to 1 mV=1 volt) and displayed using standard electromyographic apparatus (Tektronix 2A61  amplifier with band pass between 40 Hz and 10 kHz; Tektronix 564 storage oscilloscope) and passed through an audioamplifier to a loudspeaker. The subject was provided with this audio and visual feedback.
Ampifiw Wiridow discrminoor
The needle electrode was positioned close to a motor unit in soleus and the subject instructed to keep the unit discharging steadily while at least 250 non-random stimuli (at a maximum frequency of 1.0 Hz) were delivered to either the popliteal nerve (at group I threshold) or peroneal nerve (at alpha threshold). The needle electrode was then moved to select another motor unit. The EMG signal and a pulse generated by the stimulator were recorded using a Hewlett Packard 3960 FM tape recorder.
The analysis was performed from the tape (Fig. 1) . Individual motor unit action potentials were selected using a window discriminator which generated a pulse (width 3.5 ms) when the signal lay within the window and simultaneous differentiation indicated that a phase reversal had occurred. The signal was then passed through an 8-16 ms delay line so that the onset of the action potential could be visualised. To determine whether the desired motor unit action potential was being consistently extracted by the window discriminator, the delayed signal was monitored on a storage oscilloscope with an expanded sweep (2 ms/cm) triggered by the pulse from the window discriminator. A particular section of tape was replayed repeatedly until the experimenter was satisfied that the window discriminator had been adjusted to exclude all unwanted potentials or artefact on that section of tape.
The pulses from the window discriminator were Artefacts in the PSTH If the stimulus artefact falls within the window it will be included in the average (as if it were a potential) and contribute to the first 'bin of PSTH. If it is so large that it occludes the window the first bin of the PSTH will be empty. If the stimulus current delivered to the popliteal nerve is too great the monosynaptic reflex discharge of several soleus motor units may occur. Should this compound action potential fall within the window it will be included in the average and will contribute to the appropriate bin of the PSTH. Should the compound potential be even larger iit will occlude the window and produce a gap in the PSTH. These artefacts can be detected only by scrupulous monitoring of the signal extracted by the window discriminator while each section of tape is replayed several times.
Measurement of latencies in the PSTH As the window discriminator generates a pulse at the peak of the motor unit action potential the rise time of that particular action potential (and in the present study, because the computer was triggered from the falling edge of the pulse, the width (3.5 ms) of the generated pulse) must be subtracted from all latencies in the PSTH if they are to be compared with latencies measured to the onset of the action potential in the conventional way. To avoid confusion most PSTH histogram latencies in this study will be presented without this correction (of about 8 ms) unless specifically stated.
Interpretation of the PSTH The PSTH represents the probability of threshold crossing and can, therefore, be used to infer PSPs. The way in which the profile of the PSP is reflected in the PSTH is complex and had been the subject of mathematical analysis and computer simulation (Moore et al., 1970; Bryant et al., 1973; Knox, 1974; . Although the relationship is unpredictable and has not been simulated for the particular circumstances of the present study, the following descriptive account is believed to provide a realistic basis for the interpretation of the data to be presented.
If an EPSP causes the membrane potential to reach threshold this will occur during the rising phase of -the EPSP, not during its subsequent decline (it is assumed that the discharge of a human motoneurone resets the membrane potential, effectively erasing all memory of recent PSPs). Changes in impulse density in the PSTH will, therefore, resemble the first derivative of the rising phase of the PSP rather than the PSP directly (Knox, 1974) . This relationship could become distorted if the PSP were superimposed on the very steep intraspike membrane potential trajectory of a rapidly discharging neurone. Here the duration of a peak in the PSTH would tend to provide an overestimate of the rise time of the EPSP (Knox, 1974 ).
An increase in impulse density resulting from the rising phase of an EPSP will be followed by a Eflects of extensor and flexor group I afferent volleys in man period of reduced impulse density in the PSTH related both to the falling phase of the EPSP and to after hyperpolarisation of the neurone. The duration of this period of reduced impulse density may be determined largely by the height of the EPSP relative to the trajectory of the interspike membrane potential. For, the larger the EPSP the sooner after a spontaneous spike can the neurone be reset, and the nearer will the duration of the subsequent period of reduced impulse density in the PSTH approach the mean interspike interval of that cell.
The amplitude of an EPSP (relative to threshold) is reflected by the integral of the initial period of increased impulse density and by the duration of the subsequent period of reduced impulse density.
An IPSP will result in a period of reduced impulse density followed by a period of increased density . For IPSPs with rapid onset and exponential decline, the period of reduced impulse density will tend to occupy a greater proportion of the duration of the whole disturbance when the IPSP is large.
Periodicity efjects The stimulus may have the effect of entraining the rhythmically firing motoneurone. If this occurs there will be periodic fluctuations of impulse density occurring at multiples of the mean interspike interval. Any longlasting changes in excitability resulting from the stimulus could be masked by such periodicity effects (Moore et al., 1970; . For this reason, in the present study, interpretations will be restricted to the changes in excitability within the mean interspike interval (that is within the first 100-250 ms after the stimulus).
Stimuli delivered at regular intervals may provide a better estimate of PSP contour than random stimuli (Knox, 1974) Fig. 2 . At the level of the contraction used, which was similar in all subjects, the motor units with the largest action potentials tended to discharge more slowly (correlation coefficient between (log) action potential amplitude and discharge frequency r= -0.61; p<0.001, Meon discharge rate (Hz) (Figs. 4, 5) . The mean ratio of the height of this peak of impulse density to the mean level of the histogram was 24.6 to 1. As the PSTH is derived from pulses generated at the peak of the negative spike of the motor unit action potential, the rise time of the potential (usually between 3.5 and 5.5 ms) and, because of the triggering polarity used, the width of the pulse (3.5 ms) must be subtracted from all latencies measured on the PSTH. The corrected latencies of the early peak in the PSTH (mean 34 ms) correlated well with the latencies to the onset of the maximum H reflex, recorded with surface electrodes in each subject (r=0.84; P<0.05) although the latencies to the PSTH peaks were always longer (mean difference 3.8 ms This began a mean of 42.8 ms after t and had a mean duration of 16.4 m, followed by a period of increased imp which also occurred in three units in of the initial reduction. The peak of th density occurred at a mean latency of the stimulus. These latencies are no for action potential rise time or the M triggering pulse.
Discussion
The soleus motor units examined wei selected to some extent since only uni by a gentle to moderate contractioi extracted for the study (even with th of the window discriminator) and since units within this range could not maintained. The range of action potei tudes is slightly smaller than the ran by Buchthal and Rosenfalck (1973 (Olson et al., 1968) , this finding is in agreement with more direct evidence (Milner-Brown et al., 1973; Tanji and Kato, 1973; Freund et al., 1975) indicating that motoneurones in man are recruited according to the 'size principle' (Henneman et al., 1965) even in relatively homogeneous muscles such as soleus (Olson et al., 1968; Buchthal and Schmalbruch, 1970a) in which 90% of the muscle fibres are said to be of type I (Buchthal and Schmalbruch, 1970b; Johnson et al., 1973) .
The initial peak of increased impulse density in the PSTH of soleus motoneurones following re probably group I threshold stimulation of the popliteal its activated nerve probably represents the monosynaptic actin could be vation of these motoneurones. The latency (even e assistance when the rise itime of the action potential is taken occasional into account) was longer than that to the onset be readily of the maximum H reflex in that individual, but ntial ampli-this might be expected. The effective site of ge reported stimulation may depend on stimulus intensity (Wiederholt, 1970 Trontelj (1973) has suggested that , ', '
EPSPs produced by such low intensity stimuli : ', might have more gradual slopes.
; .
If alteraitions in impulse density in the PSIH a a ' ,' can be taken to represent the first derivative of the ' .~rising phase of an EPSP (Knox, 1974; , the duration of the initial period a ã of increased impulse density represents the rise a a, . time of the Ia EPSP in soleus motoneurones in man. If so, it is somewhat longer (3.6 ms) than the rise time of the composite EPSP in extensor motoneurones in the cat which lies between 0.6 and 2.0 ms (Brock et al., 1952; Burke, 1968 (Knox, 1974) . Finally, threshold stimulation may result in composite EPSPs that have a slower rise time than when more intense stimulation is used (Trontelj, 1973 Soleus motoneurones are known to receive an important Ia input in the cat (Eccles et al., 1957; Burke, 1968; Scott and Mendell, 1976) . This is probably also the case in man. An early peak of increased density was observed in the PSTH of 75% of the soleus units examined. The amplitude of this initial peak was large. The subsequent period of reduced impulse density occupied almost 70% of the interspike interval of the neurone. This suggests that the composite Ia EPSP in man can be large enough to reset a rhythmically discharging neurone early in the interspike interval when the membrane potential would be furthest from threshold (Eccles, 1953; Calvin, 1975) . This is not surprising since the H reflex is readily obtained in soleus, indicating that the Ia volley is sufficient in itself to bring even quiescent soleus motoneurones to threshold. In some of the present studies group I volleys appeared to produce an almost obligatory discharge of soleus motoneurones.
In the cat Ia EPSPs are larger and longer in duration in smaller motoneurones (Eccles et al., 1957; Burke, 1968; Burke et at., 1976) ; but in man, unexpectedly, the early increase in impulse density was greater in the soleus motor units with the largest action potentials. The size of the action potential,-however, may not provide the most reliable indication of motor unit size. Studies of thepresent type, with the further characterisation of the motor unit by its twitch tension (MilnerBrown et al., 1973) or axon conduction velocity (Freund et al., 1975) would determine whether there are any important differences between the two species.
Certain motoneurones showed no early facilitation even though a monosynaptic reflex response in other units indicated that an afferent volley was reaching the spinal cord. These neurones might have been in the upper ranks of the recruitment order (although they did not have larger action potentials). It is possible that Ia terminals may not be distributed equally to all soleus motoneurones in man.
In some instances a period of reduced impulse density was observed in the PSTH in the absence of a preceding peak to entrain the neurone. In other instances a brief period of increased impulse density (which must indicate the rising phase of an EPSP or the termination of an IPSP) appeared at a latency of 90 ms. These late effects could arise from slowly conducting afferent fibres and/ or polysynaptic transmission including: polysynaptic effects resulting from the group I volley (Marsden et at., 1972; Lee and Tatton, 1975) ; effects arising from the cutaneous afferent fibres under the stimulating electrode (Hagbarth, 1960; Gassel and Ott, 1970; Caccia et al., 1973; Hugon, 1973) . the presynaptic modulation (from primary afferent fibres) of background afferent barrage to motoneurones (Schmidt, 1971; Rudomin et al., 1974) .
Periodicity effects complicate the interpretation of the PSTH at intervals greater than the mean interspike interval of the neurone under study. It is possible that this problem could be overcome by serial subtraction of scaled autocorrelation histograms so as to represent the entraining effects of the initial peak of the PSTH.
Stimulation of the peroneal nerve was sufficient to excite some alpha motor fibres and must, therefore, have been above the threshold of the group I afferent fibres. The initial period of reduced impulse density observed in the PSTH of soleus units after peroneal nerve stimulation may be the counterpart of the Ia IPSP. The latency is appropriate but the duration is rather too long (Brock et al., 1952; Coombs et al., 1955; Tanaka, 1972) . Other inhibitory effects-for example, from the activation of cutaneous nerves under the electrode-may contribute to this-period of reduced impulse density. Although antidromic activation of some alpha motor axons in the peroneal nerve must have occurred this would not be expected to give rise to Renshaw cell inhibition of the antagonist soleus motoneurones (Wilson et al., 1960; Eccles et al., 1961) . The subsequent peak of in-
